We aimed to characterize the plasma metabolome of chronic thromboembolic pulmonary hypertension patients using a highthroughput unbiased omics approach. We collected fasting plasma from a peripheral vein in 33 operable chronic thromboembolic pulmonary hypertension patients, 31 healthy controls, and 21 idiopathic pulmonary arterial hypertension patients matched for age, gender, and body mass index. Metabolomic analysis was performed using an untargeted approach (Metabolon Inc. Durham, NC). Of the total of 862 metabolites identified, 362 were different in chronic thromboembolic pulmonary hypertension compared to controls: 178 were higher and 184 were lower. Compared to idiopathic pulmonary arterial hypertension, 147 metabolites were different in chronic thromboembolic pulmonary hypertension: 45 were higher and 102 were lower. The plasma metabolome allowed us to distinguish subjects with chronic thromboembolic pulmonary hypertension and healthy controls with a predictive accuracy of 89%, and chronic thromboembolic pulmonary hypertension versus idiopathic pulmonary arterial hypertension with 80% accuracy. Compared to idiopathic pulmonary arterial hypertension and healthy controls, chronic thromboembolic pulmonary hypertension patients had higher fatty acids and glycerol; while acyl cholines and lysophospholipids were lower. Compared to healthy controls, both idiopathic pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension patients had increased acyl carnitines, beta-hydroxybutyrate, amino sugars and modified amino acids and nucleosides. The plasma global metabolomic profile of chronic thromboembolic pulmonary hypertension suggests aberrant lipid metabolism characterized by increased lipolysis, fatty acid oxidation, and ketogenesis, concomitant with reduced acyl choline and phospholipid moieties. Future research should investigate the pathogenetic and therapeutic potential of modulating lipid metabolism in chronic thromboembolic pulmonary hypertension.
Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by occlusion of large pulmonary arteries by organized thromboembolic material and concomitant microscopic vasculopathy. The pathobiology of CTEPH is complex and incompletely understood. CTEPH and idiopathic pulmonary arterial hypertension (IPAH) share several features, most notable the increased pulmonary vascular resistance and right ventricular failure which lead to premature death. The pulmonary microvascular disease of CTEPH is similar in many respects to the changes observed in PAH. [1] [2] [3] However, a key difference is that CTEPH starts with one or more thromboembolic events, and that it can be cured by the removal of the fibrotic thromboembolic material via pulmonary endarterectomy (PEA) surgery.
In recent years, metabolic dysregulation has emerged as an important pathway in IPAH. 4, 5 Altered glucose homeostasis and dyslipidemia have been documented in PAH and associated with worse outcomes. [6] [7] [8] [9] [10] Metabolism has not been studied in CTEPH. Baseline glycosylated hemoglobin A1c has been found to correlate with right atrial pressure and cardiac index in operable CTEPH. 11 Our group recently reported decreased high-density lipoprotein cholesterol levels in CTEPH patients, which correlated with higher postoperative pulmonary vascular resistance. 12 With the advent of new metabolomic platforms, we now have the ability to measure small molecules in biologic samples using a high-throughput unbiased approach. Metabolomics provides a snapshot of the physiological state of a tissue/organ or the whole body, and can uncover the relative activity in different metabolic pathways. 13, 14 Plasma metabolomic studies in IPAH have demonstrated alterations in glycolysis, lipid metabolism, and altered bioenergetics. 15, 16 The objectives of the present study were to describe the plasma metabolome of CTEPH patients and compare it to healthy controls, and to compare the plasma metabolome of CTEPH with that of IPAH patients in order to ascertain whether the observed changes are specific to pathophysiologic process/es related to CTEPH or to pulmonary hypertension and right heart failure.
Methods
This study was approved by the Institutional Review Board (IRB 06-245), and all subjects signed a written informed consent. A fasting blood sample was obtained from a peripheral vein from 33 CTEPH patients, 31 healthy controls, and 21 IPAH patients. The samples were collected in EDTA tubes, processed to isolate plasma, and frozen at À80 C until analysis. Subjects in the three groups were matched for age, gender, and body mass index (BMI) using data available in our institutional pulmonary hypertension registry (IRB 8097) and biobank (IRB 06-245). All CTEPH patients were evaluated by our multidisciplinary CTEPH team according to current guidelines and deemed technically operable. 17, 18 New York Heart functional (NYHA) class, 6-min walk distance, N-terminal pro B-type natriuretic peptide (NT-proBNP) levels, and right heart catheterization data were extracted from our registry. Median time from blood sample collection and clinical data was four weeks, interquartile range 1-20 weeks.
Metabolomic analysis was performed by Metabolon Inc. (Durham, NC) as described (see online supplement for details). 19 An aliquot of plasma was analyzed using acidic positive ion conditions, chromatographically optimized for more hydrophilic compounds. Another aliquot was also analyzed using acidic positive ion conditions; however, it was chromatographically optimized for more hydrophobic compounds. Another aliquot was analyzed using basic negative ion optimized conditions using a separate dedicated C18 column. The fourth aliquot was analyzed via negative ionization following elution from a hydrophilic interaction liquid chromatography (HILIC) column. Raw data were extracted, and peaks were identified and processed using standardized quality control procedures. Compounds were identified by automated comparison using Metabolon's reference library entries. We report the annotated metabolites from untargeted metabolomics analysis. Instrument variability was determined by calculating the median relative standard deviation (RSD) for the internal standards that were added to each sample prior to injection into the mass spectrometers, and was 6%. Overall process variability was determined by calculating the median RSD for all endogenous metabolites (i.e. non-instrument standards) present in technical replicates of a pool created by taking a small aliquot from each sample. Instrument variability was 6%, and total process variability was 9%.
To confirm some of the key metabolomics findings, we used high-performance liquid chromatography (HPLC) Online Tandem Mass Spectrometry (LC/MS/MS) to quantitate plasma fatty acids. For details on the methods used, please see the online supplement.
Statistical analysis
We present data as fold changes between groups. The fold changes are derived from the median scaled intensities without log transformation. Missing values were imputed with the minimum observed value for each compound. Following log transformation of the data, one-way ANOVA was used to identify biochemicals that differed significantly between experimental groups. To account for multiple comparisons, an estimate of the false discovery rate (q-value) was calculated. 20 Statistical significance was declared for p values <0.05 and q values <0.1. We also considered a fold change >2 or <0.5 to be significant, but when most biochemicals in a pathway were statistically different, then we consider that pathway of biologic relevance. The scaled intensity values have undergone a median scaling procedure. 21 We used the scale intensity of selected biochemical (those with the largest differences observed in CTEPH patients) to calculate Pearson correlation coefficients with NYHA functional class, 6-min walk distance, arterial oxygen saturation, right atrial pressure, mean pulmonary artery pressure, cardiac index, total pulmonary vascular resistance (TPR), and NT-proBNP. For the HPLC quantitative analysis of fatty acids, we used one-way ANOVA to compare fatty acid levels across the three experimental groups, and the Tukey test to compare levels between groups while adjusting for multiple comparisons.
We also used principal component analysis to obtain a high-level view of the structure of the data, and random forest analysis to assess if the metabolomics profile could separate the experimental groups, as previously reported. 22 We also performed pathway enrichment analysis to ascertain which metabolic pathways were up-or down-regulated in the experimental groups. Pathway enrichment displays the number of experimentally regulated compounds relative to all detected compounds in a pathway, compared to the total number of experimentally regulated compounds relative to all detected compounds in the study. A pathway enrichment value >1 indicates that the pathway contains more experimentally regulated compounds relative to the study overall.
Results

Study population
The study included 33 CTEPH patients, 31 healthy controls and 21 IPAH patients. Table 1 shows the characteristics of the study population. Age, gender, and BMI were matched in the three groups. Twenty-one (80.8%) of the CTEPH patients had a history of previous pulmonary embolism. Compared with IPAH, CTEPH patients had a lower 6-min walk distance and a lower mean pulmonary artery pressure. There were no other notable differences in right heart hemodynamics. The distribution of metabolic, cardiovascular, and pulmonary comorbidities was similar between CTEPH and IPAH. Liver and kidney function tests were similar. The time from diagnosis until blood sampling for the study was longer in IPAH compared to CTEPH, median (25th, 75th percentile) weeks: 168.4 (82.3, 287.1) versus 7.6 (0.4, 31.7), p < 0.001. A larger proportion of IPAH patients were on PAH-targeted therapies at the time of plasma sampling. As expected, more CTEPH patients were on anticoagulation, particularly the novel oral anticoagulants, compared to IPAH. Use of other medications such as statins, hormones, and diuretics was similar.
Plasma metabolome
From a total of 862 metabolites identified in plasma, 362 were different in CTEPH compared with healthy controls: 178 were higher and 184 were lower. Compared with IPAH, 147 metabolites were different in CTEPH: 45 were higher and 102 were lower (e- Table 1 ). Principal component analysis showed separation between healthy controls and patients with CTEPH or IPAH, with overlap between the two groups of patients (Fig. 1) .
CTEPH versus healthy controls. Random forest analysis distinguished subjects with CTEPH and healthy controls with a predictive accuracy of 89% (e- Fig. 1 ). Nucleotides, lipids, and amino acids emerged as metabolites that provided important separation between the groups. Pathway enrichment analysis identified the following pathways as enriched in the CTEPH patients compared to controls: amino sugar metabolism, acyl choline, long-chain fatty acid (LCFA), acylcarnitine, lysophospholipid, and phosphatidylcholine (e- Fig. 2 ). In the following, we describe the major findings in the super pathways lipids, amino acids, carbohydrates, and nucleosides. For full details, please refer to the complete research data file posted online.
Lipids
Plasma fatty acids were increased in CTEPH compared to controls ( Table 2 ).The LCFAs palmitoleate and eicosenoate, and the polyunsaturated fatty acids hexadecadienoate, linolenate, and dihomo-linoleate were more than two-fold higher in CTEPH. Glycerol, an essential component of triglycerides and an indicator of whole body lipolysis, was 2.4 times higher in the CTEPH patients (e- Fig. 1 ).
Plasma acylcarnitines were increased in CTEPH (Table 3) . Hydroxybutyrylcarnitine, suberoylcarnitine, and adipoylcarnitine were more than two-fold higher in CTEPH than controls. CTEPH patients also had an almost six-fold increase in 3-hydroxybutyrate compared to controls, and elevated dicarboxyl fatty acids such as adipate and sebacate (Table 4 ). All acyl cholines measured, such as palmitoylcholine and linoleoylcholine, were significantly lower in CTEPH compared to controls (e- Table 2 ).
Lysophospholipids were decreased in CTEPH (Table 5 ). 1-palmitoylglycerol 3-phosphate and 2-palmitoylglycerophosphocholine levels in CTEPH were almost half of those in controls.
Amino acids
Several modified amino acids were elevated in CTEPH, including 3-methylhistidine (2.84-fold,
N-acetyl-3-methylhistidine (4.72-fold, p < 0.0001, q ¼ 0.0002), and N2,N5-diacetylornithine (2.7-fold, p ¼ 0.0002, q ¼ 0.0009), as well as the acetylated peptides phenylacetylglutamate (2.34-fold, p ¼ 0.048, q ¼ 0.06) and 4-hydroxyphenylacetylglutamine (2.36-fold, p ¼ 0.0151, q ¼ 0.0258). Related to methionine metabolism, CTEPH patients showed a 2.3-fold higher S-adenosylhomocysteine (SAH) level compared to controls (p ¼ 0.008, q ¼ 0.02). Several amino acids in the arginine pathway were abnormal in CTEPH, with N2,N5-diacetylornithine being 2.7-fold higher in CTEPH versus controls (p ¼ 0.0002, q ¼ 0.0009). Arginine (0.77-fold) and homoarginine (0.66-fold) were low, and dimethylarginine was 1.2-fold higher in CTEPH (all p < 0.05 and q < 0.05)
Carbohydrates
There were no consistent differences in metabolites related to glycolysis, gluconeogenesis, pyruvate, pentose, or glycogen metabolism. The only notable difference in carbohydrates was that amino sugars were elevated in CTEPH compared to controls, including N-acetylglucosaminylasparagine, which was 2.11-fold higher (p ¼ 0.01, q ¼ 0.02).
Nucleosides
Several purine and pyrimidine nucleosides were elevated in CTEPH patients, including xanthosine (2.24-fold, p ¼ 0.004, q ¼ 0.01), N6-succinyladenosine (2-fold, p < 0.0001, q ¼ 0.0004), orotidine (4.6-fold, p < 0.0001, q ¼ 0.0003), and N4-acetylcytidine (2.86-fold, p < 0.0001, q < 0.0001).
CTEPH versus IPAH. From a total of 862 metabolites detected in plasma, 147 were significantly different between CTEPH and IPAH subjects: 102 metabolites were lower in CTEPH and 45 were higher (e- Table 1 ). Random forest analysis distinguished subjects with CTEPH from IPAH with a predictive accuracy of 80% and suggested key differences in lipids and amino acids (e- Fig. 3 ). Pathway enrichment analysis There were several similarities in the metabolomic profile of CTEPH and IPAH patients. Specifically, both groups showed increased fatty acids, acyl carnitines and betahydroxybutyrate (b-HB), increased modified amino acids, peptides and nucleosides, increased aminosugars, and increased polyamines.
CTEPH clinical correlations. Fig. 2 and e- Table 3 show associations between selected biochemicals and cardiac index and TPR. The LCFAs eicosenoate and dihomo-linoleate correlated negatively with cardiac index and positively with TPR. The acyl cholines palmitoylcholine and oleoylcholine had a positive correlation with cardiac index. These correlations were not observed in the IPAH patients.
Twenty-six of the 33 CTEPH patients (78.8%) underwent PEA. Two patients decided not to pursue surgery, two had comorbidities that increased surgical risk (pulmonary aspergillosis and obstructive lung disease), and three patients did not come back for follow up. We measured the plasma metabolome in five CTEPH patients a median of 6 months (range 3-6 months) after PEA. We found that glycerol and the fatty acids laurate and pimelate decreased significantly after surgery (e- Fig. 5 ).
Quantitation of fatty acids via HPLC LC/MS/MS. To confirm some of the key findings of the metabolomics analysis, we quantitated long-chain free fatty acids via HPLC (Fig. 3 and e- Table 4 ). Eighteen saturated and unsaturated fatty acids ranging from 16 to 22 carbons were measured. All were significantly higher in CTEPH compared to healthy controls, except for stearidonate (18:4) , eicosanoate (20:0), eicosapentaenoate (20:5), and docosanoate (22:0) (e- (22:5) were also significantly elevated in CTEPH compared to IPAH after adjusting for multiple comparisons (Fig. 3) . We also confirmed the correlations between eicosenoate (20:1) and cardiac index (r ¼ -0.44, p ¼ 0.004) and 
Discussion
There is reason to believe that metabolic dysregulation is part of the underlying pathophysiology in patients with CTEPH. Herein, we used a global untargeted metabolomics approach to characterize the metabolic phenotype of these patients. We found elevated fatty acids, acyl carnitines, glycerol, and b-HB; while acyl cholines and lysophospholipids were decreased. These changes were observed when compared to both healthy controls and, in the case of fatty acids, glycerol, acyl cholines, and lysophospholipids, also compared to IPAH patients. CTEPH participants also had increased amino sugars and modified nucleosides, as well as increased modified amino acids, changes that were similar to IPAH patients.
Lipids
The observed metabolomic profile in CTEPH suggests altered lipid metabolism in multiple tissues and organs. The elevated plasma levels of fatty acids, glycerol, and acyl carnitines are evidence of increased lipolysis and fatty acid oxidation in CTEPH. The markedly elevated plasma b-HB suggests that the liver is a major site of the increased fatty acid oxidation. b-HB is a ketone produced by the liver during states of elevated fatty acid oxidation or lipid overload. Ketones produced by the liver are released into the circulation and are subsequently oxidized by peripheral tissues, like the heart and skeletal muscle. Elevated ketones in the context of CTEPH is intriguing, as right heart failure ensues with disease progression and ketones represent a more energetically favorable substrate for the heart. It is plausible that elevating ketones is a short-term compensation for declining heart function 23 ; however, this response may create long-term unfavorable adaptations. 24 Other organs, such as the pulmonary vasculature, skeletal muscle, and the right ventricle, may contribute to fatty acid oxidation. Recent research by our group and others demonstrates dysregulated glucose and insulin metabolism in IPAH 6, 7, 25, 26 and CTEPH. 11, 12 The metabolomic data generated in this report corroborate these findings, evidencing both elevated lipids (a well-known contributor to peripheral insulin resistance) and elevated dicarboxyl fatty acids. Dicarboxyl fatty acids can be generated by a secondary mechanism (o-oxidation, suggesting lipid availability beyond the rate of tissue-level beta-oxidation) or through lipid peroxidation. The latter mechanism is consistent with the low-grade chronic inflammation and elevated lipid peroxidation that is observed in the insulin-resistant state previously noted in pulmonary vascular disease. 27, 28 Skeletal muscle, as the primary tissue responsible for peripheral insulin resistance, is likely to be involved in the observed dysregulated nutrient metabolism.
A similar metabolomic signature was observed in lung tissue from PAH patients. 15 Increased fatty acid oxidation in the right heart has been reported in a rat model of right ventricular hypertrophy induced by pulmonary artery banding, 29 but heritable PAH murine models are suggestive of impaired fatty acid oxidation. 30, 31 Human data point toward decreased fatty acid oxidation in the right ventricle. 30 Plasma evidence of increased lipolysis and fatty acid oxidation has been previously documented in IPAH, 16, 30, 32 and interestingly, in acute pulmonary embolism. 33 Our study is the first to report metabolomic data in CTEPH.
Acyl cholines were significantly lower in CTEPH compared to healthy controls. The metabolic role of acyl cholines is poorly understood. Zeleznik et al. also found lower acyl cholines in patients with intermediate risk acute pulmonary embolism compared to high-risk patients. 33 Further investigation into these metabolic abnormalities is warranted.
Lysophospholipids were decreased in CTEPH. Phospholipids are major components of lung surfactant. Phospholipids decrease in bronchoalveolar lavage fluid of patients 10 days after pulmonary embolism. 34 Low plasma phospholipids have also been documented in a pulmonary embolism model in pigs. 35 Moreover, antiphospholipid antibodies are known risk factors for CTEPH. 36 Recent evidence suggests that these antibodies need to be taken up by cells to effect the pro-thrombotic response, 37 perhaps decreasing the release of phospholipids into the circulation. In our cohort, four patients (12%) had a known diagnosis of the antiphospholipid syndrome, but other antibodies, not currently measured clinically, are being recognized as risk factors for thrombosis. 38 Phospholipids are also the metabolic source for eicosanoids such as prostacyclin, 39 an important molecule for pulmonary vascular health. Reduced lysophospholipid levels have been associated with enhanced hypoxia-induced pulmonary vascular remodeling and endothelin-1 upregulation in a mouse model. 40 Taken together, these data suggest a prominent role for dysregulated phospholipid metabolism in CTEPH.
Other metabolites
CTEPH patients demonstrated dysregulated methionine metabolism with increased SAH. The latter is associated with cardiovascular disease, 41 venous thrombosis, 42 and decreased phosphatidylcholine synthesis. 43, 44 Arginine levels were low and dimethylarginine levels were high in CTEPH compared to controls, suggesting decrease nitric oxide (NO) activity and supportive of the role of enhancing the NO pathway in CTEPH. IPAH patients had the same abnormalities compared to controls, but higher dimethylarginine levels compared to CTEPH. This suggests that the NO pathway may more impaired in IPAH. This may be related to the fact that this is an operable CTEPH cohort dominated by large vessel thrombofibrotic obstruction and not microscopic vasculopathy. We speculate that the NO Data presented as fold change between CTEPH and control group. CTEPH: chronic thromboembolic pulmonary hypertension; GPA: glycero-3-phosphate; GPC: glycero-3-phosphocholine; GPE: glycero-3-phosphoethanolamine; GPI: glycero-3-phospho-D-myo-inositol.
abnormalities in inoperable CTEPH patients might resemble more closely IPAH. The increased amino sugars are a novel observation in CTEPH. Our group has previously reported increased Olinked b-N-acetylglucosamine modification in IPAH that drives pulmonary artery smooth muscle cell proliferation. 45 In the present study, amino sugars were similarly elevated in CTEPH and IPAH.
We found elevated levels of methylated and acetylated amino acids and peptides in CTEPH, as well as increased modified nucleosides. Epigenetic modulation, specifically DNA methylation and histone acetylation and methylation, plays an important role in the initiation and progression of pulmonary hypertension. 46 Modified nucleosides can be released from transfer RNAs (tRNAs), 47 and detected in the circulation given how abundant tRNAs are in human cells. 48 Increased circulating levels of modified nucleosides probably reflect increased cell turnover or stress. 48 This would be consistent with hyperproliferation of pulmonary vascular cells, and has been observed previously in IPAH. 16 Post-translational modification can also occur at the protein level. Dysregulation of protein acetylation has been associated with cancer, neurodegenerative disease, and cardiovascular disorders. 49 
Clinical correlations and CTEPH versus IPAH comparison
CTEPH and IPAH share many similarities, particularly the elevation in pulmonary vascular resistance and right ventricular afterload that is responsible for right heart failure and premature death. However, a striking difference is that CTEPH is initiated by one or more episodes of pulmonary embolism, and that PEA surgery can be curative to many patients. 50 In this context, our study found many similarities in the plasma metabolomics signature of IPAH and CTEPH, including increased fatty acids, acyl carnitines, and b-HB, increased modified amino acids, peptides and nucleosides, increased aminosugars, and increased polyamines. These findings are consistent with dysregulated insulin metabolism and cell proliferation, likely common processes in CTEPH and IPAH, perhaps related to right ventricular dysfunction. However, abnormalities in lipid metabolism were more prominent in CTEPH than IPAH. Increased lipolysis and fatty acid oxidation were associated with the degree of hemodynamic compromise in CTEPH, but not in IPAH. The extent of lipolysis was greater in CTEPH than IPAH, and it decreased after PEA surgery. Acyl cholines and lysophospholipids were lower in CTEPH compared to IPAH, and low oleoylcholine levels were associated with lower cardiac index in CTEPH. As lipid signaling plays an important role in thrombosis, 51, 52 our data suggest that dysregulated fatty acid and phospholipid metabolism are important in the pathobiology of CTEPH.
Limitations
This is a cross sectional study of a relatively small sample size. As such, we cannot rule out the possibility that some differences in the metabolomic profiles are due to shorter duration of disease in CTEPH. For example, it is possible that an earlier identified cohort of IPAH patients would have had correlations between fatty acids and carnitines and right heart hemodynamics. Our study does not allow to conclude firmly the tissue sources of abnormal metabolic pathways, as the plasma metabolomic profile provides a global representation of body metabolism. Finally, we cannot rule out the effect of medications, including PH-targeted therapies.
In conclusion, the plasma global metabolomic profile of CTEPH is characterized by increased lipolysis, fatty acid oxidation, and ketogenesis; decreased acyl cholines and lysophospholipids; elevated amino sugars and modified nucleosides; and altered amino acid metabolism. These data are consistent with alterations in metabolic pathways at many tissue levels, including lungs, heart, liver, adipose tissue, and skeletal muscle. While some changes are common to IPAH and likely related to pulmonary hypertension and right heart failure, several lipid abnormalities are unique to CTEPH. These findings open novel research avenues to investigate the pathogenic and therapeutic implications of modulating lipid metabolism in pulmonary thromboembolic disease.
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